Summary The effect(s) of the radioprotector 2-[(aminopropyl)amino] ethanethiol (WR1065) on fissionneutron-induced DNA damage and repair in V79 Chinese hamster cells was determined by using a neutral filter elution procedure (pH7.2). When required, WR1065, at a final working concentration of 4mM, was added to the culture medium, either 30min before and during irradiation with fission spectrum neutrons (beam energy of 0.85MeV) from the JANUS research reactor, or for selected intervals of time following exposure. The frequency of neutron-induced DNA strand breaks as measured by neutral elution as a function of dose equalled that observed for 60Coy-ray-induced damage (relative biological effectiveness of one). In contrast to the protective effect exhibited by WR1065 in reducing 60Co-induced DNA damage, WR1065 was ineffective in reducing or protecting against induction of DNA strand breaks by JANUS neutrons. The kinetics of DNA double-strand rejoining were measured following neutron irradiation. In the absence of WR1065, considerable DNA degradation by cellular enzymes was observed. This process was inhibited when WR1065 was present. These results indicate that, under the conditions used, the quality (i.e. nature), rather than quantity, of DNA lesions (measured by neutral elution) formed by neutrons was significantly different from that formed by y-rays.
WR 1065 is the corresponding free thiol of the wellcharacterised radioprotector S-2-(3-aminopropylamino) ethyl phosphorothioic acid designated WR2721 (Purdie, 1979) . The current clinical interest in these and similar compounds stems from early reports that these agents can preferentially protect normal as compared to neoplastic tissues against both acute and late-arising radiation-and/or chemotherapyinduced injuries (Yuhas, 1979; Phillips, 1980; Glover et al., 1984; Kligerman et al., 1984) . Thiol compounds such as WR2721 and cysteamine have also been reported to be effective in protecting against oncogenesis in a number of experimental rodent systems (Marquardt et al., 1974; Apffel et al., 1975; Takeuchi & Murakami, 1978; Milas et al., 1984; Grdina et al., 1985b) .
WR1065 and cysteamine can both protect against radiation induced mutagenesis at the hypoxanthine-guanine phosphoribosyl transferase (HGPRT) locus in mammalian cells (Grdina et al., 1985a; Corn et al., 1987) . WR1065 has also been found to be effective in protecting against the induction of HGPRT mutants by cisplatin , bleomycin and nitrogen mustard (Nagy & Grdina, 1986 ) and the transformation of 10T1/2 cells by ionizing radiation (Hill et al., 1986) .
Linked to the expression of each of these deleterious endpoints are, presumably, factors involving DNA damage and repair. It is well known that selected aminothiol compounds can protect against the induction of single-and double-strand breaks in the DNA of irradiated cells (LaSalle & Billen, 1964; Sawada & Okada, 1970; Billen, 1983; Grdina & Nagy, 1986; Sigdestad et al., 1987; Murray et al., 1988 clastogenic effects of high-LET fission spectrum neutrons Schwartz et al., 1988) 
Irradiation
In dose-response experiments, 5 x 105 cells, with or without WR1065, were placed in sterile, 15 ml centrifuge tubes and kept ice cold while they were irradiated in a-MEM-10 buffered with HEPES (Research Organics Inc., Cleveland, OH, USA) and NaHCO3 with fission spectrum neutrons (mean neutron energy of 0.85 MeV) from the JANUS reactor of the Biological, Environmental and Medical Research Division, Argonne National Laboratory, at a dose rate of 0.43 Gy min-1 and/or with 60Co y-rays from a Gamma Beam 650 source (Atomic Energy of Canada) at a dose rate of 100Gymin-. Dosimetry and control of exposures are described in detail elsewhere (Han & Elkind, 1979) . The yray contamination to the neutron flux has been measured to be less than 4% (Williamson & Frigerio, 1972) . Immediately after irradiation each cell suspension was diluted with icecold solution A (8g NaCl, 0.4g KCl, 1.0g glucose, 0.35g NaHCO3 per litre) containing 5mM EDTA to ensure inhibition of DNA repair (Meyn & Jenkins, 1983) . Because of the relatively long irradiation times required with the low dose rate used for the JANUS reactor irradiations, DNA damage was also monitored as a function of time in nonirradiated cells that were kept on ice for up to three hours.
DNA repair studies were performed only with cells irradiated with fission-spectrum neutrons. Cells were irradiated at 40C with a dose of 100Gy. Each cell suspension was split into two fractions, which were placed in spinner flasks. To one was added a sufficient amount of WR1065 to reach a final concentration of 4mm, while the other served as the control. Cells from each group were either incubated at 37°C or 40C for 15, 30, 45, 90 and 180min. Aliquots of cells were removed and diluted with iced (4°C) solution A with EDTA.
Neutral elution Neutral elution was performed at pH 7.2, as described in detail elsewhere (Bradley & Kohn, 1979; Sigdestad et al., 1987) . Briefly, 5 x 105 cells were impinged onto a 25 mm diameter (0.8pm pore size) polycarbonate filter (Nucleopore Corp., Pleasanton, CA, USA). Cells were washed once with 15 ml of solution A and lysed with 3 ml of a solution containing 0.05 M Tris, 0.05 M glycine, 0.025 M Na2 EDTA and 2% (w/v) sodium lauryl sulphate. Just before use, proteinase K was added (0.5mgml-1; Sigma). This lysis solution was pumped through the filter unit for one hour at 2.13mlh-1, after which 50ml of the lysis solution without proteinase K was added to the reservoir. Ninety-minute fractions were collected for 15h at the same pump speed.
Liquid scintillation counting Double-strand breaks (DSB) and their repair were assayed by using liquid scintillation techniques. The filters from the neutral elution procedure were treated with 0.4 ml of 1 N HCI for 1 h at 600C, were then cooled to room temperature and treated with 2.5 ml of 0.4 M NaOH. All samples were counted in 15ml of a mixture of 11 toluene, 11 Triton X-100 (Packard Inst. Co., Downers Grove, IL, USA), and 42ml Liquiscint (ICN Chemical Corp., Irving, CA). A Beckman (LS2800) liquid scintillation spectrometer was used throughout. The data were presented as per cent of 14C-thymidine activity remaining on the filter as a function of elution volume.
Strand scission factor calculation The designation of strand scission factor (SSF) refers to a relative value determined by comparison of associated DNA elution curves. This value is used to characterise relative numbers of DNA strand breaks. Specifically, SSF was determined from the relationship SSF = jlog((fx)/(fo))I, where fo and fx are, respectively, the proportions of DNA retained on the filter after volumes of 17.5 ml have been eluted for the non-irradiated control and the corresponding treated sample (Meyn & Jenkins, 1983) . Results 
DNA damage
The effect of radiation quality on the formation of DSB in irradiated cells was determined. Presented in Figure 1 are data averaged from three separate experiments describing the relative effectiveness of JANUS neutrons as compared to 60C0 y-rays in inducing DNA lesions as measured by neutral filter elution at pH7.2. For comparison purposes, the SSF are plotted as a function of dose. Because of the relatively low dose rate obtainable with the JANUS reactor, long radiation times were required to reach doses in excess of 100Gy. Since the yields of lesions appeared to be the same for neutrons and y-rays as a function of dose under 80Gy, selected populations of cells were initially irradiated with neutrons (30 Gy) and then immediately exposed to additional doses of 60Co y-rays to total doses ranging from 40 to 180Gy. Under each of the irradiation conditions used, the relative yields of DNA damage as a function of dose were the same, indicating that the relative biological effectiveness (RBE) for DSB induction by JANUS neutrons as compared to y-rays is one.
Radioprotector and DNA damage The effect of radioprotector WR1065 (4mM) on JANUSneutron-induced DSB formation was also measured. Figure 3 . In contrast to the protective effect previously reported for WR1065 with respect to DSB formation in the DNA of cells irradiated by y-rays (Sigdestad et al., 1987; Murray et al., 1988) , the presence of this aminothiol during irradiation with high-LET JANUS neutrons had no protective effect.
Rejoining of double-strand breaks Data from three separate experiments are summarised in Figure 4 for comparison. They demonstrate the effect of the rejoining of DSB as a function of time can be observed (see Figure 4 ). When this experiment was performed at 4°C, no evidence of DNA degradation was observed for cells incubated in either the absence or presence of WR1065 (see Figure 5 ). In addition, we observed no effect of holding cells at 4°C for up to 3 h on the formation of DSB in nonirradiated control cells. Fission spectrum neutrons from the JANUS reactor are known to be significantly more clastogenic (Schwartz et al., 1988) , mutagenic , carcinogenic (Han & Elkind, 1979; Thomson et al., 1982) and lethal (Ngo et al., 1977) than 60Co y-rays and/or X-rays. Consequently, it was of interest to assess whether similar differences could be detected at the level of DNA damage and/or repair as measured by the neutral filter elution technique at pH 7.2. Clearly, the enhanced induction of these deleterious endpoints by fission spectrum neutrons as compared to low-LET radiations cannot be accounted for by a concomitant enhanced frequency or number of neutron-induced DSB (e.g. we observed an RBE value of 1). Other investigators using either sucrose gradient sedimentation analysis (Furuno et al., 1979) or a hydroxylapatite-DNA unwinding technique (Sakai et al., 1987) , or neutral elution (Prise et al., 1987) have also reported RBE values of one for DSB induction by neutrons. Peak and his co-workers at the Argonne National Laboratory, using human P3 teratocarcinoma cells, have also observed an RBE of 1 with JANUS neutrons (personel communication, manuscript submitted). The observed differences in the relationship between low LET radiation-induced DSB and cell toxicity as compared to neutron-induced DSB and cell survival has led investigators to conclude that either there is no relationship between induced DSB and cell kill or there are qualitative differences in the DSB lesion produced by high as compared to low LET radiations (Prise et al., 1987) . These data, along with the results reported here, strongly suggest, therefore, that it is the quality or nature of the DSB lesion produced by JANUS neutrons that accounts for their enhanced deleterious effects.
This conclusion is further supported by the observation that WR1065, in contrast to its ability to protect against DSB formation by 60Co y-rays by a factor of 1.7 (Sigdestad et al., 1987) , was unable to afford any protection against the induction of DSB by JANUS neutrons. The only effect of WR1065 observed on neutron-induced DSB lesions at very high radiation doses appeared to be related to postirradiation DSB rejoining processes. The presence of WR1065 following irradiation appeared to inhibit the formation of additional DSB. These lesions were most probably enzymatically induced because their formation was affected not only by the presence of the radioprotector but also by temperature (i.e. 4°C). Aminothiols are known to affect enzymatic activity related to DNA synthesis and repair (LaSalle & Billen, 1964; Billen, 1983; Grdina & Nagy, 1986) . Alternatively, the quality or nature of the DNA lesions formed by high doses of JANUS neutrons may have induced considerable nuclease activity as part of the 'repair' process. WR1065 can inhibit this activity. Under these circumstances, a small degree of DSB rejoining can be observed within the first 3 h following irradiation. Whether the inhibition by WR1065 of the post-irradiation formation of DSB is advantageous with respect to cellular repair at these high doses is unclear at present. However, reports that WR1065 can protect against JANUS-neutron-induced chromatid aberrations (Schwartz et al., 1988) and mutagenesis at much lower radiation doses suggest that it is capable of enhancing a post-irradiation repair process(es).
The mechanisms suggested to account for the radioprotective actions of aminothiols are numerous. They include the ability to scavenge free radicals (Hutchison, 1961) , donate hydrogen atoms for chemical repair (Alexander & Charlesby, 1954) , affect enzymatic systems involved in DNA synthesis and repair (LaSalle & Billen, 1964) , bind to and stabilise chromatin material (Brown, 1967) , and affect cell cycle progression (Grdina & Nagy, 1986) . There is evidence to support each of these mechanisms, and the ultimate effect at the cellular level is probably the result of the integration of all or most of these mechanisms.
